M phase phosphoprotein 8 (MPP8) harbors a N-terminal chromodomain and a C-terminal ankyrin repeat domain. MPP8, via its chromodomain, binds histone H3 peptide tri-or di-methylated at lysine 9 (H3K9me3/2) in submicromolar affinity. We determined the crystal structure of MPP8 chromodomain in complex with H3K9me3 peptide. MPP8 interacts with at least six histone H3 residues from glutamine 5 to serine 10, enabling its ability to distinguish lysine 9 containing peptide (QTARKS) from that of lysine 27 (KAARKS), both sharing the ARKS sequence. A partial hydrophobic cage with three aromatic residues (Phe59, Trp80, Tyr83) and one aspartate (Asp87) encloses the methylated lysine 9. MPP8 has been reported to be phosphorylated in vivo, including the cage residue Tyr83 and the succeeding Thr84 and Ser85. Modeling a phosphate group onto the side chain hydroxyl oxygen of Tyr83 suggests the negatively charged phosphate group could enhance the binding of positively charged methyl-lysine or create a regulatory signal by allowing or inhibiting binding of other protein(s).
association with a Ran, Ras-like nuclear small GTPase 3 and a neuroprotective peptide 4 by the two-hybrid analyses. Recently, MPP8 has been shown to interact with histone H3 methylated at lysine 9 (H3K9me1/2/3) -a modification associated with transcriptional repression -via its N-terminal chromodomain ( Fig. 1a) 5; 6 . This binding event of MPP8-H3K9me modulates the expression of E-cadherin, a key regulator of cell-cell adhesion with implications in embryonic development, tissue morphogenesis and homeostasis 7 , together with H3K9 methyltransferases GLP (G9a-like protein) and ESET (also known as SETDB1) and DNA methyltransferase 3a (Dnmt3a) 6 . Both GLP (and associated G9a) and SETDB1 are euchromatic histone enzymes, generating H3K9me1 and H3K9me2 (by G9a/GLP 8 ) and H3K9me3 (by SETDB1 9 ), respectively. In addition, many phosphorylation sites on MPP8 have been identified including one tyrosine, one threonine and one serine in a consecutive sequence within the chromodomain 10 (Fig. 1b) . Here, we describe the structure of human MPP8 chromodomain in complex with H3 peptide (residues 1-15) with lysine 9 trimethylated, examine the potential effect of phosphorylation on methyl-lysine binding and compare its interaction of H3K9me3 with that of classical HP1 (heterochromatin protein 1) chromodomain 11 .
Overall structure of MPP8 chromodomain-H3 peptide complex
The human MPP8 chromodomain (residues 55-116) was overexpressed as an N-terminal His 6 -SUMO fusion protein in Escherichia coli 12 . Crystals of the tag removed MPP8 chromodomain in complex with H3(1-15)K9me3 formed in the P4 3 2 1 2 space group ( Supplementary Fig. S1 ). The structure was determined at the resolution of 2.5 Å (Supplementary Table 1 ). The crystallographic asymmetric unit contains four complexes (Fig. 1c ). The monomeric structures are highly similar with each other, with a root mean squared deviation (rmsd) of approximately 0.5 Å when pair-wise comparing 228 pairs of main-chain atoms.
The monomeric structure of MPP8 chromodomain is composed of a N-terminal SH3-like βbarrel, followed by short 3 10 helix (αA) and a C-terminal long helix (αB) (Fig. 1d ). The Nterminal β-barrel structure consists of a sheet with three antiparallel strands (β2-β4), packed with a two-stranded sheet formed by β1 and the histone peptide. The histone peptide is inserted antiparallelly between strand β1 and the loop between helices αA and αB, in an acidic cleft of the chromodomain (Fig. 1e ). The structure of MPP8 chromodomain is highly similar to that of the human and Drosophila HP1 chromodomain structures 11; 13 (Fig. 1f) , with approximately 30% sequence identities scattered throughout the entire β-barrel region while the C-terminal helix αB varies in sequence ( Fig. 1b ).
Each monomer has two conserved inter-molecular interactions with its neighboring molecules: one involves the edge strand β2 in an antiparallel arrangement ( Fig. 1c ), and the other is mediated by the C-terminal residues of the bound histone peptide ( Fig. 2a and Supplementary Fig. S2a ). The antiparallel inter-molecular β2-β2 interaction, also observed in the absence of bound histone peptide 14 ( Supplementary Fig. S2b ), involves side chain interactions of Asp66 of one molecule and Thr69 of the other (Fig. 1c , insert). Thr69 is unique to MPP8 ( Fig. 1b ; three-letter code for MPP8 residues). Analytic gel filtration measurement suggests the protein exists as dimer in solution ( Fig. 1g ).
Substrate specificity of H3K9 peptide binding by MPP8
All fifteen residues of the H3 peptide, in an extended conformation, were observed. The first 10 residues of the H3 peptide binds to one chromodomain, but H3 residues 11 to 15 interact with a neighboring chromodomain molecule ( Fig. 2a and Supplementary Fig. S2a ). The surface area buried at the cognate MPP8-peptide interface is approximately 700 Å 2 , with these extensive intermolecular interactions. (1) The main chain amide nitrogen atoms of H3R2-H3T3 form hydrogen bonds with the side chain carboxyl oxygen atoms of Glu101 of helix αB ( Fig. 2b ). (2) H3Q5-H3K9 forms backbone hydrogen bonds with strand β1 (including Phe59) on one side, and on the other side, His95 of helix αA and the following loop ( Fig. 2a) . (3) The main chain carbonyl oxygen atom of H3T6 forms a hydrogen bond with the sulfur atom of Cys99 ( Fig. 2a ), the residue proceeding to helix αB.
The substrate specificity of the MPP8 chromodomain is determined primarily through the recognition of histone residues of H3Q5-H3S10. The side chain of H3Q5 sits in the amino end of helix αB, forming hydrogen bonds with both the main-chain amide nitrogen atom and the side-chain carboxyl atom of Glu101, as well as an intra-molecular hydrogen bond with main-chain carbonyl oxygen atom of H3T3 (Fig. 2b) . The hydroxyl group of H3T6 forms a hydrogen bond with Asp98 (Fig. 2c ). The side chain of H3A7 inserts into a shallow hydrophobic pocket formed by Val61, Val78, Trp80, Leu96 and Cys99 (Fig. 2d ). The side chain of H3R8 interacts with Glu97 and Asp98 (Fig. 2c ). H3K9me3 is bound in a partial hydrophobic and open cage formed by three aromatic residues (Phe59, Trp80, Tyr83) and one acidic residue (Asp87) ( Fig. 2e ). Mutation of Trp80 to alanine (W80A) abrogates binding to H3K9 methylated peptide 6 . One methyl group (m1) of H3K9me3 points toward to all three aromatic residues, the second methyl group (m2) bridges to acidic Asp87, while the third methyl group (m3) points to solvent. It is common to have a glutamate or aspartate residue in (or near) the methyl-lysine binding cage 15 . The H3 peptide-binding site is further defined by H3S10, whose side-chain hydroxyl oxygen forms a hydrogen bond with Glu91 of strand β4 (Fig. 2f ).
We believe the extensive interaction between MPP8 and the six histone H3 residues, particularly H3Q5 and H3T6, is the reason that MPP8 is able to distinguish K9 peptide (QTARKS) from that of K27 (KAARKS), both of which share the ARKS sequence, yet MPP8 displayed no binding to H3 peptide containing K27 methylated or unmethylated 6 .
Consistent with this notion is the observation that residues Glu97, Asp98, Cys99, and Glu101 (located in the loop between helices αA and αB and the N-terminal end of helix αB) are not conserved between MPP8 and HP1 (Fig. 1b) . These residues contribute to the recognition of H3Q5 (via Glu101), T6 (Asp98), A7 (Cys99), R8 (Glu97 and Asp98), and overall binding affinity of H3 peptide. MPP8 chromadomain binds H3K9-tri (me3) or dimethylated (me2) H3 peptide in submicromolar affinity, with a K D of approximately 0.14 or 0.34 μM, respectively, measured by isothermal titration calorimetry (ITC) ( Fig. 3a-b) . The peptide carrying a single methyl group (H3K9me1) resulted in a K D value of 2.3 μM (a reduction by a factor of approximately 7 from that of H3K9me2) (Fig. 3c ), and the K D for unmethylated peptide (H3K9me0) further increased by a factor of 23 to approximately 54 μM (Fig. 3d) . Consistent with the pulldown results 6 , MPP8 chromodomain is capable of binding to methyl-H3K9 peptide regardless of degree of methylation. Even for the unmethylated form, the binding affinity can be measured quantitatively. Although the absolute K D values differs significantly between MPP8-H3K9me3 (0.14 μM) and HP1-H3K9me3 (10 μM) 16 , their abilities to discriminate various degrees of methylation are similar: each methyl group decrease from me3 to me0 results in an increase of K D by a factor of 2.4, 7 and 23 for MPP8 and 1.5, 6.4 and >10 for HP1.
Hypothetical model of phosphorylation effect on methyl-lysine binding
It is interesting to note that one of the three phosphorylation sites (Tyr83, Thr84 and Ser85) within the MPP8 chromodomain 10 is directly involved in methyl-lysine cage formation ( Fig. 2e) . To investigate the effect of Tyr83 phosphorylation, we modeled a phosphate group to the side chain hydroxyl oxygen of Tyr83. Without affecting the cage formation, the torsional rotation of its side chain C-O bond would position the negatively charged phospho group in the open end of the cage near the positively charged tri-methyl-amino group (Fig.  2g) , forming a favorable interaction and thus enhancing the methyl-lysine binding. Alternatively, the phosphate group could be positioned away from protein and histone atoms and point toward the solvent (Fig. 2h ), thus creating a signal for other phosphorylation dependent protein-protein recognition.
The side-chain hydroxyl groups of Thr84 and Ser85 interact with the side-chain carboxyl group of the succeeding Asp86, which is followed by Asp87 that interacts with the methyllysine ( Fig. 2e) and Asp88 that forms an intra-molecular salt bridge with Arg79 (Fig. 2i ). Phosphorylation of either or both Thr84 and Ser85 would require the side chains to take different rotomer conformations to position the phosphate groups away from Asp86. Otherwise steric clashes will occur and result in the repulsion of Asp86, and thus affect the preceding Tyr83 or succeeding Asp87 in their interactions with the methyl-lysine.
Discussion
Multiple interdependent post-translational modifications of cellular proteins allow for combinatorial readout. Some of these modifications, including phosphorylation and methylation, might participate in cross-talk for dynamic control of cellular signaling under various physiological conditions 17 . Protein phosphorylation is involved in various cellular processes via cellular signaling pathways. Protein methylation, especially on lysines, is another important post-translational modification of cellular proteins. For example, histone methylation is involved in the regulation of transcription 18 . Combinations of these modifications on histones (such as histone H3K9 methylation and H3S10 phosphorylation 19; 20 cooperate to regulate chromatin structure and transcription by allowing or inhibiting binding of specific regulatory proteins. Similarly, non-histone proteins such as p53 21; 22 , estrogen receptor 23 , DNMT1 24 and NF-κB 25 are also regulated by post-translational modifications, and in some examples, by an methylation and phosphorylation switch between adjacent lysine and serine residues. Here we suggest the phosphorylation of MPP8 might influence its binding of methylated H3K9. The identification of protein kinase(s) and phosphatase(s) involved in MPP8 phosphorylation will be essential for further study. We note that recent studies suggested that multiply phosphorylations at N-terminal serine residues (Ser11-Ser14) in mammalian HP1α enhanced its affinity for H3K9me 26 , whereas phosphorylation of Ser42 of mouse Cbx2 within its chromodomain (equivalent to Thr89 of MPP8) resulted in a reduced level of binding to an H3 peptide 27 .
We do not know the functional significance of dimer formation of MPP8 chromodomain. It should be noted that the intact protein of MPP8 may or may not be a dimer. HP1 dimerizes via its C-terminal chromo shadow domain 28 . It is intriguing to note that two proteins (GLP and Dnmt3a) involved in MPP8-mediated E-cadherin gene silencing 6 are dimers as well. G9a and GLP form heterodimers in corepressor complexes, and the heterodimer formation requires their C-terminal sequences encompassing the catalytic SET domains 29 . Dnmt3a dimerizes via its C-terminal catalytic domain 30 . This dimer formation could simply be because the binding substrate of these chromatin interacting proteins, the nucleosome, contains a dimer of H3, which requires the simultaneous recognition of two histone H3 molecules.
Supplementary Material
Refer to Web version on PubMed Central for supplementary material. Binding of MPP8 chromodomain to H3(1-15) peptides with varying degree of methylation of lysine 9 (me3-0) was carried out under the conditions of 150 μM protein concentration and 0.9-1.2 mM peptide concentration in 25 mM Tris-HCl, pH 8.0, 100 mM NaCl, and 0.5 mM tris(2-carboxyethyl)phosphine (TCEP), using the MicroCal VP-ITC instrument at 25°C
. Binding constant was calculated by fitting the data to one-site binding model equation using the ITC data-analysis module of Origin 7.0 (OriginLab Corporation). K D values are shown.
